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Distinct pressure evolution of superconductivity and charge density wave in kagome
superconductor CsV;Sbs thin flakes
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It is intriguing to explore the coexistence and (or) competition between charge density wave (CDW)
and superconductivity (SC) in many correlated electron systems, such as cuprates [M. Hiicker et al.,
Phys. Rev. B 83, 104506 (2011); Q. Li et al., Phys. Rev. Lett. 99, 067001 (2007), and J. Fink et al., Phys.
Rev. B 79, 100502(R) (2009)], organic superconductors [Y. Ihara et al., Phys. Rev. B 100, 060505(R) (2019) and
N. Morinaka et al., Phys. Rev. B 80, 092508 (2009)], and dichacolgenides [X. Xi et al., Nat. Nanotechnol. 10,
765 (2015) and J. A. Galvis et al., Phys. Rev. B 87, 094502 (2013)]. Among them, the recently discovered
Z, topological kagome metals AV3Sbs (A = K, Rb, Cs) serve as an ideal platform to study the intricate
relation between them. Here, we report the electrical resistance measurements on CsV3Sbs thin flakes (=60
nm) under hydrostatic pressure up to 2.12 GPa to compare its pressure phase diagram of CDW and SC with its
bulk form. Even though the CDW transition temperature (ZTcpw) in CsV3Sbs thin flakes is still monotonically
suppressed under pressure and totally vanishes at P, = 1.83 GPa similar to the bulk, the superconducting
transition temperature (7;.) shows an initial decrease and consequent increase up to its maximum ~8.03 K at
P, in sharp contrast with the M-shaped double domes in the bulk CsV;Sbs. Our results suggest the important
role of reduced dimensionality on the CDW state and its interplay with the SC, offering a new perspective to

explore the exotic nature of CsV;Sbs.

DOI: 10.1103/PhysRevB.109.054501

I. INTRODUCTION

The recently discovered kagome family AV3Sbs (A = K,
Rb, Cs) with a frustrated geometry have attracted great inter-
est due to the rich interplay between electronic correlations,
topology, unconventional charge density wave (CDW), and
superconductivity (SC), as in many correlated eclectron sys-
tems [1-11]. All members in the AV3Sbs family show a
superconducting state below T. of 2.5, 0.92, and 0.93 K for
A = Cs, Rb, and K, respectively [9-11], while the corre-
sponding charge order emerges at Tcpw of 94, 102, 78 K,
respectively [12—14]. Scanning tunneling microscopy (STM)
[15-18], x-ray diffraction (XRD) [13], and ARPES [19-21]
experiments have all revealed a 2 x 2 charge modulation
in the V-based kagome lattice layers below Tcpw. Further
ARPES [22], XRD [23,24], and NMR measurements [25]
have proposed a2 x 2 x 2 or 2 x 2 x 4 CDW order with the
stacking of star-of-David (SoD) or tri-hexagonal (TrH) distor-
tions along the c axis, favoring a 3D nature of the CDW due to
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interlayer couplings. Additional breaking of time-reversal and
rotational symmetry were also reported in the CDW state and
an electronic origin of the CDW state has been claimed to be
probably associated with the Fermi surface nesting between
van Hove saddle points at M points [26-28].

In particular, the Cs compound has the highest 7, at
ambient pressure and displays a complex superconducting
phase diagram compared with other members, where the bulk
CsV3Sbs shows a monotonic decrease of Tepw till 2 GPa, and
a puzzling M-shaped double-dome feature of superconductiv-
ity where the 7, peaks at P? ~ 0.7 GPa and P} ~ 2.0 GPa,
respectively, as shown in Fig. 1(b) [12,29]. Recent NMR
experiments [30] argued that a stripelike CDW order should
replace the original one at P}]’ with domain walls and be totally
suppressed at P5, yielding a double-dome SC in the pressure
phase diagram. On the other hand, the CsV3Sbs crystals can
be exfoliated to thin flakes of a few nanometers thickness,
and its CDW and superconducting state show an opposite but
nonmonotonic evolution with flake thickness [31,32]: T is en-
hanced to the maximum value of 4.5 K around 30 to 60 nm and
decreases to 0.9 K at 5 nm, while its nonmonotonic Tcpy of
the CDW order signals a possible 3D to 2D crossover around

©2024 American Physical Society
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FIG. 1. Schematic illustration of crystal structure and phase
diagrams of CsV3;Sbs and the experimental setups for electrical
resistance measurements on CsV3Sbs thin flake under pressure.
(a) Three-dimensional crystal structure of CsV3Sbs on the left with
its top view on the right. (b) Phase diagrams for the bulk CsV;Sbs
under pressure with the CDW Tcpw (top), SC T.°™¢, and 7,”*" (bot-
tom) adapted from Refs. [12,29,30]. (c) Thickness dependence of
Tepw and T, for CsV;3Sbs flakes with the blue dashed line as the
crossover region, adapted from Ref. [32]. (d) Schematic illustration
of the experimental setups, where the CsV3Sbs thin flake device was
encapsulated into a piston cell with Daphne 7373 as the pressure
medium. The bottom of (d) shows a section view of the device struc-
ture. (e) Optical microscopy image of the device. The CsV;Sbs thin
flake and ~-BN are marked with red and blue solid lines, respectively.
(f) Temperature dependence of electrical resistance (black) R(T) and
its derivative (red) dR/dT of the CsV;Sbs thin flake device. The inset
shows the SC transition at low temperatures in the R(T) curve.

60 nm. Recently, hydrostatic pressure has been successfully
applied in a variety of two-dimensional materials to tune
their quantum ground states, such as twisted bilayer graphene
[33], transition metal dichalcogenides [34,35], graphene/h-
BN Moiré superlattices [36], and Crl3 [37]. In this article, we
report our electrical transport measurements of mechanically
exfoliated CsV3Sbs thin flakes under hydrostatic pressure, to
systematically compare the behaviors between the bulk and
thin flakes and unveil a common mechanism of tuning the
CDW and SC in CsV3Sbs by pressure and dimensionality.

II. METHODS

Several CsV;Sbs thin flake devices (260 nm) on SiO;/Si
substrate have been fabricated with Ti/Au electrodes for elec-
trical resistance measurements and encapsulated in a piston
pressure cell. CsV3Sbs thin flakes were obtained by me-

chanical exfoliation and all devices were prepared by the
standard photolithography process. The flake thickness could
be roughly estimated from its optical color in microscope
and precisely confirmed by scanning AFM in tapping mode.
CsV;Sbs flakes were transferred onto the Si substrate (290 nm
Si0;,) by the polydimethylsiloxane (PDMS) transfer method.
Ti/Au (5 nm/50 nm) films were deposited by magnetron
sputtering in sequence as the electrodes for better electrical
contacts. Finally, the exfoliated 4-BN flakes were transferred
onto the devices by the PDMS transfer method as a capping
layer to protect the device from further degradation during
operations. The schematic figure of the experimental setup
is shown in Fig. 1(d) and the CsV;Sbs thin flake and #-BN
capping layer in the device are marked with red and blue
lines, respectively, in Fig. 1(e). All the transfer processes were
performed in the glove box with both oxygen and water vapor
content lower than 10 ppm to avoid oxidization.

The device was diced to 1.5mm x 1.5mm in size to fit
the inner bore of the pressure cell, as shown in Fig. 1(d).
The whole device was encapsulated in a piston-cylinder-type
cell with Daphne 7373 as the pressure transmitting medium
and the pressure at low temperature was calibrated by the
Pb superconducting transition temperature from electrical re-
sistivity measurements. PPMS and Oxford *He refrigerators
were used to cool devices down to 1.8 K and 0.3 K, respec-
tively, with magnetic field up to 14 T along the ¢ direction.
Since the device is fragile to static charge or current pulse
during preservation or measurement, special care with proper
grounding should be called for.

III. RESULTS

In order to cross check the results, high quality and well-
characterized CsV3Sbs single crystals were obtained from two
different groups. Several CsV;Sbs thin flakes from each group
were prepared and they indeed show a consistent behavior
under pressure. For one device, the thin CsV3Sbs flake is cali-
brated 58.6 nm in thickness, where its Tcpw and T, reaches the
minimum and maximum value, respectively [32]. Figure 1(f)
shows the temperature-dependent resistance and its derivative
(dR/dT) for the CsV3Sbs thin flake at ambient pressure,
where the kink anomaly in resistance and the corresponding
peak in dR/dT signals a CDW transition at Tcpw = 76 K
and a sharp superconducting transition can be observed with
7o = 4.4 K and 77" = 3.8 K as in the inset of Fig. 1(f).
Our Tepw and T, values are consistent with the previous report
for 60 nm CsV3Sbs thin flakes [32]. Figures 2(a) and 2(c)
show the temperature-dependent electrical resistance for the
CsV3Sbs thin flake under a series of pressures up to 2.12 GPa,
illustrating the systematical evolution of SC and CDW states
as a function of pressure. Similar to the bulk case, the Tcpw
in CsV3Sbs can be determined by the kink structure in the
resistance curves R(T') or the peaklike anomaly in the deriva-
tive resistance curves dR/dT, as in Fig. 2(e). With increased
pressure, the Tcpw is smoothly suppressed and reaches zero
at a pressure of P, = 1.83 GPa, comparable to but slightly
smaller than sz ~ 2.0 GPa in the bulk. Moreover, we notice a
sudden change of the peak feature in dR/dT from a broad
peak at ambient pressure to a sharp peak-dip structure at
0.09 GPa as in Fig. 2(e), and that the peak gets suppressed but
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FIG. 2. Temperature dependence of the electrical resistance for the CsV;Sbs thin flake device under a series of pressures. (a), (c),
Temperature-dependent resistance for device No. 7 in the low and high pressure range, respectively. The CDW transition temperatures Tcpw
are marked by red arrows. (b), (d), SC transition temperatures for the same device in the respective low and high pressure ranges, with blue
and red arrows mark the 7,° and 7", respectively. (¢), The derivative of resistance curves, dR/dT, under various pressures. The peaks in

dR/dT are marked by blue arrows, signaling the CDW T¢pw. All curves are vertically shifted for clarity.

the dip becomes more prominent with increased pressure until
1.83 GPa. We ascribe the change in dR/dT at 0.09 GPa in the
thin flake to the same origin as those for features observed
at P’ ~ 0.7 GPa in the bulk, signaling a possible transition
of the CDW order. It seems that the reduced thickness of the
CsV3Sbs thin flake has tuned the emergent CDW order at Plb
to be more energetically favored in a much lower pressure at
Py ~ 0.09 GPa.

Figures 2(b) and 2(d) show the enlarged view with fo-
cus on the SC evolution in the CsV3Sbs thin flake under
pressure, where the red and blue arrows mark the onset and
zero-resistance transition temperatures, 7.°"* and 77, re-
spectively. If we track the evolution of 7.°™' for the CsV3Sbs
thin flake as a function of pressure, it shows an immediate
decrease upon squeezing, opposite to an initial increase of
T°™ to a local maximum around 0.7 GPa in the bulk, and
becomes roughly constant around 2.5 K between 0.49 and
1.05 GPa before ramping up to another local maximum of 8§ K
at 1.83 GPa, similar to the observation in the bulk CsV;Sbs,
as shown in Fig. 2(b). When comparing the superconducting
behaviors between the thin flake and bulk, two local maximum
T. pressures for the double superconducting domes in the bulk
CsV3Sbs at P? ~ 0.7 GPa and P? ~ 2.0 GPa have shifted to
P; < 0.10 GPa and P, ~ 1.8 GPa, respectively. In particular,
the shifted P; value to less than 0.1 GPa also corroborates our
claim that the original CDW order switch has now been tuned
to 0.09 GPa in the thin flake, assuming a stronger competi-
tion between the emergent CDW and SC between P; and P;.
Above P, T°™ decreases together with 77" as the CDW
state vanishes.

We stress that the superconducting transitions are very
broad between P, and P,, exhibiting either multiple-step or
long-tail features. For example, 7. and T*** are 3.5 and
1.0 K, respectively, at 0.29 GPa, while they are 7.8 and 4.1 K
at 1.62 GPa. The transition width is comparable to 72"

and such a broad transition generally implies an inhomo-
geneous superconductivity in the flake. Since the transition
becomes sharp again once the CDW order is suppressed at
1.83 GPa, extrinsic origins such as pressure inhomogeneity
can be excluded. We argue that the SC inhomogeneity arises
from the existence of different CDW domains with enhanced
scatterings as in the case of bulk CsV3Sbs. However, the SC
transition at P; = 0.72 GPa in (P}, P,) is sharp with AT, =
T — T7¢° = 0.3 K, and such behavior is absent in the bulk
CsV3Sbs, suggesting a homogeneous CDW order at 0.72 GPa
for the thin flake.

Figure 3 illustrates the suppression of superconductiv-
ity under an applied magnetic field along the ¢ axis for
CsV3Sbs thin flakes, where the superconducting transition
gets widened under magnetic field, indicative of increased
inhomogeneity of SC. To study the zero-temperature upper
critical field [oH:2(0)], and its evolution with pressure, the
onset of superconductivity in the field was defined as its T,
and its dependence with temperature was fit using a two-band
model [38]. An enhancement in both woH.,(0) and 7, around
1.8 GPa corresponds to the state in the absence of CDW order.
Additionally, a sharp superconducting transition and a local
minimum of woH.,(0) at 0.72 GPa suggest a competitive yet
coexisting relationship between the superconducting state and
CDW order.

The pressure-dependent phase diagrams of CDW (Tcpw)
and SC (™" and T”") in CsV3Sbs thin flakes are plotted
in Figs. 4(a) and 4(b), based on the electrical resistance mea-
surements under pressure, in comparison with its bulk form
as in Fig. 1(b). Even though the CDW order still decreases
monotonically with pressure and completely disappears at
P, ~ 1.8 GPa with a similar 7, maximum as in the bulk,
the SC in CsV3Sbs thin flakes show a remarkably different
behavior. The bulk CsV3Sbs displays an M-shaped double
superconducting dome and a shallow 7, valley in between,
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FIG. 3. Upper critical field for device No. 7 under different pres-
sures. (a), (b) Temperature dependence of resistance under magnetic
field applied along ¢ axis at P = 0.72, 1.62 GPa, respectively. (c),
(d) The evolution of H.,-T phase diagram (determined by 7.°™") as
a function of pressure. The dashed lines are two band model fitting
curves [38].

with its two local 7. maximum at P ~ 0.7 GPa and PY ~
2.0 GPa, respectively. For CsV3Sbs thin flakes, however, the
higher-pressure SC dome is barely changed while the lower-
pressure SC dome centered around 0.7 GPa in the bulk has
been lowered to the ambient pressure, P; < 0.1 GPa. More-
over, the response of RRR and residual resistance to pressure
on thin flake devices is similar to that for bulk samples above
0.7 GPa, as shown in Fig. 5(b). As in Fig. 4(b), 7.”°™ decreases
rapidly above ambient pressure while 7.°" changes little in
a small pressure range of 0.1 GPa, which resembles well with
the bulk around Pf’ ~ 0.7 GPa. We argue that the original
CDW switch at 0.7 GPa has shifted to below 0.1 GPa due
to the reduced thickness in the thin flake, and causes a change
of the SC phase diagram in accordance [10,29]. Moreover, the
superconducting 7.°™" and 7,7 are connected at Py and P,
and form a loop, which is divided into two separate lobes by
anode at P3 ~ 0.72 GPa. As shown in Fig. 5(a), the pressure
dependence of A(T) clearly shows two peaks at 0.09 GPa and
1.46 GPa, and there is a valley of A(T;) of only 0.3 K between
the two peaks. In each lobe, the presence of CDW domains
yield an inhomogeneous SC with a broad transition due to the
strong competition between SC and CDW, as in the case of
17-TaSe; [39]. When magnetic field is applied perpendicular
to the CsV3Sbs thin flake, its upper critical field puoH2(0)
as a function of pressure is plotted in Fig. 4(c), showing
a weakened double-dome structure compared with the bulk
(The temperature-dependent resistance curves are included in
Figs. 3(c) and 3(d) for different fields and the uoH(0) at zero
Kelvin can be obtained by a two-band model fitting [38]).

IV. DISCUSSION AND CONCLUSIONS

Our experimental results can be explained by the tuning
of CDW orders with reduced dimensionality in the CsV3Sbs
thin flake. The CDW in CsV3Sbs at ambient pressure has been
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reported to evolve from 3D to 2D in nature with reduced sam-
ple thickness as in Fig. 1(c), where the vanishing of the A,
Raman frequency shift is observed below a critical thickness
of 25 layers, signaling a weakened electron-phonon coupling
[32]. For the CsV3Sbs thin flake, reduced thickness would
reduce the interlayer coupling and suppress the 3D CDW
ordering along the c axis, but be friendly to the 2D CDW
instead. On the other hand, for the bulk, recent NMR results
claim that the 3Q-CDW state should be dominant at the pres-
sure below PP, with a 3D character due to interlayer couplings,
and transforms into a 2D stripelike CDW with a unidirectional
4ay modulation under a moderate pressure in (PP, Pz”), as in
Fig. 1(b) [30]. The 3Q and stripelike CDWs should be very
close in energy and compete for the electronic ground state in
CsV;3Sbs [30], and the vertical Cs-Sb atomic distance is more
sensitive to the hydrostatic pressure, resulting in a dominant
reduction of the c/a ratio [12]. In such a case, the 30 CDW
may lift its energy due to interlayer couplings and yield to
the stripelike CDW around Plb [40,41]. We speculate that the
2D CDW in CsV3Sbs thin flake and stripelike CDW for the
bulk should be identical in origin and antagonistic to the SC,
causing the SC valley in pressure phase diagrams. In such
a scenario, the dimensionality and hydrostatic pressure may
play the same role in tuning the ground state of CsV;Sbs.
Even though our first-principle calculation on the phonon
modes for the bulk CsV3;Sbs under pressure and a bilayer slab
can not explicitly identify the CDW transition, it suggests the
delicate competition between different CDW orders with dif-
ferent stacking modulation and a robust feature of the in-plane
distortion (see Sec. 4 in the Supplemental Material) [42,43].
Because our CsV3Sbs thin flake is close to crossover thickness
from 3D to 2D CDW, it is natural to expect the CDW switch
would be lowered to only <0.1 GPa under pressure and the
corresponding SC T, peak should be observed at the new P;.
We note that STM measurements have reported a stripelike
charge order with 4ay/3 spatial modulation on the surface
of bulk CsV;Sbs, and its relation with the stripelike CDW
between (P?, sz) is not clear yet [16,17]. Moreover, the T,
of CsV3Sbs thin flakes below 1.8 GPa is relatively lower
than the bulk, indicating a more intense competition between
SC and 2D CDW with reduced sample thickness. The co-
existence of stripelike CDW and SC has also been observed
in the high-7, cuprate superconductors La,_,Ba,CuOy,
and pair-density-wave (PDW) SC has been proposed with
nonzero momentum for Cooper pairs [1,2]. For other layered

superconductors, such as Ising superconductor NbSe,, its 7,
decreases from 7.2 K in the bulk to 3 K for monolayer with
reduced sample thickness, while its 7cpw shows an opposite
increase from 33 K to 145 K [6,44-46]. However, when CDW
is suppressed in NbSe, by increasing the interlayer distance,
the 7. seems robust against the change of sample thickness
[47]. We observe that the 7, for CsV3Sbs thin flakes at P,
(where CDW vanishes) is also comparable to the bulk value.
We thus argue the variation of 7; with thickness is probably
due to the thickness-modulated CDW competing with super-
conductivity. It is intriguing to explore possible PDW SC at
ambient pressure and the pressure phase diagram for thinner
CsV3Sbs flakes to check whether the SC 7, can be recovered
back to the bulk value when CDW is totally suppressed [32].

V. SUMMARY

In summary, we have systematically investigated electrical
resistance of the CsV3Sbs thin flakes (58 nm) under pressure
to compare its pressure phase diagram with the bulk. In con-
trast to the M-shaped double SC domes, the CDW switch and
first SC T, dome have shifted to below 0.1 GPa in the thin flake
from the initial Plb ~ 0.7 GPa as in the bulk. We would thus
conclude that the hydrostatic pressure or sample thickness
can both tune the subtle competition and balance between the
3D and 2D CDWs in CsV3Sbs due to the interlayer interac-
tions and the SC response to the CDW switch accordingly.
Considering the complex relationship between CDW and SC
competition in CsV3Sbs thin flakes, we believe it is neces-
sary to conduct low-temperature Raman spectroscopy under
pressure for further studies, as in the case of 2H-TaS, [48].
Furthermore,in order to shed more light on the nature of 3D
and 2D CDW, it is worth to explore the evolution of CDW
and SC for monolayer or multilayer CsV3Sbs under pressure
in the future.
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